Agricultural expansion, population growth, rapid urbanization, and climate change have all significantly impacted global water supply and demand and have led to a number of negative consequences including ecological degradation and decreases in biodiversity, especially in arid and semi-arid areas. The agricultural sector consumes the most water globally; crop irrigation alone uses up more than 80% of available agricultural water. Thus, to maintain sustainable development of the global economy and ecosystems, it is crucial to effectively manage crop irrigation water. We focus on the arid and semi-arid Heihe River Basin (HRB), China, as a case study in this paper, extracting spatiotemporal information on the distribution of crop planting using multi-temporal Thematic Mapper and Enhanced Thematic Mapper Plus (TM/ETM+) remote sensing (RS) images. We estimate the spatiotemporal crop irrigation water requirements (IWR c ) using the Food and Agriculture Organization of the United Nations (FAO) Penman-Monteith method and reveal variations in IWR c . We also analyze the impact of changes in crop planting structure on IWR c and discuss strategies for the rational allocation of irrigation water as well as policies to alleviate imbalance between water supply and demand. The results of this study show that effective rainfall (ER) decreases upstream-to-downstream within the HRB, while crop evapotranspiration under standard conditions (ET c ) increases, leading to increasing spatial variation in IWR c from zero up to 150 mm and between 300 and 450 mm. Data show that between 2007 and 2012, annual mean ER decreased from 139.49 to 106.29 mm, while annual mean ET c increased from 483.87 to 500.38 mm, and annual mean IWR c increased from 339.95 to 370.11 mm. Data show that monthly mean IWR c initially increased before decreasing in concert with crop growth. The largest values for this index were recorded during the month of June; results show that IWR c for May and June decreased by 8.14 and 11.67 mm, respectively, while values for July increased by 5.75 mm between 2007 and 2012. These variations have helped to ease the temporal imbalance between water supply and demand. Mean IWR c values for oilseed rape, corn, barley, and other crops all increased over the study period, from 208. 43, 349.35, 229.26, and 352.85 mm, respectively, in 2007, to 241.81, 393.10, 251.17, and 378.86 mm, respectively, in 2012. At the same time, the mean IWR c of wheat decreased from 281.53 mm in 2007 to 266.69 mm in 2012. Mainly because of changes in planting structure, the total IWR c for the HRB in 2012 reached 2692.58 × 10 6 m 3 , an increase of 332.16 × 10 6 m 3 (14.07%) compared to 2007. Data show that 23.11% (76.77 × 10 6 m 3 ) of this increase is due to crop transfers, while the remaining 76.89% (255.39 × 10 6 m 3 ) is the result of the rapid expansion of cultivated land. Thus, to maintain both the sustainable development and ecological security of the HRB, it is crucial to efficiently manage and utilize agricultural water in light of spatiotemporal patterns in IWR c changes as well as IWR c variations between different crops. The cultivation of water-demanding crops and the further expansion of agricultural land should also be avoided.
Introduction
Water is the most ubiquitous and active substance on Earth, intimately involved in the formation and evolution of all facets of the environment, including biogeochemical cycles, climate change, and the configuration of the planet [1, 2] . Water is critical to the survival of biological organisms and ecosystems, and thus to sustainable development, especially food security [3, 4] . In light of the comprehensive effects of various factors, including the natural environment, social economy, and technology, more than 40 countries worldwide (about 40% of the global population) currently face critical water shortages, severely restricting their sustainable social and ecological development [1, 5, 6] . Imbalances in water supply and demand lead to shortages; specifically, global climate change, population growth, rapid urbanization, and agricultural expansion have all caused the water demands of different sectors to increase rapidly [7] [8] [9] [10] [11] . Global warming leads to increased evapotranspiration, which aggravates water cycling processes and causes increased rainfall [12] [13] [14] [15] . However, in most arid regions where water is scarce, rainfall is decreasing, leading to an increasing imbalance between global water supply and demand [16] [17] [18] [19] . At the same time, wastewater and pollution exacerbate water shortages and cause a number of negative effects including ecosystem degradation and decreases in biodiversity [20] [21] [22] [23] . It is therefore critical to understand the water supply available to, and the demand of, the main water-using sectors as well as to explore reasonable and sustainable ways to utilize this resource to ensure regional sustainable development and ecological security.
Research on the supply of water has mainly focused on total and available volumes. A range of climate and hydrological models, including the Soil and Water Assessment Tool (SWAT), the Global Hydrologic Evaluation Model (GHEM), the Regional Hydro-climate Model (Reg-HCM), the Rainfall-Runoff Modeling System (PRMS), and the Water Balance/Transport Model (WBM/WTM), have all been used to quantitatively estimate rainfall and runoff at different scales, including globally, nationally, and at the level of individual basins [24] [25] [26] [27] . In contrast, research on water demand has mainly focuses on the usage of different sectors such as agricultural, urban domestic and ecological. In this context, water demand is usually estimated based on factors such as population size, cultivated and ecological land area, and water use efficiency [1, 2, 28, 29] . Amongst the different user sectors, agriculture consumes the highest volumes of water globally; irrigation water, for example, accounts for more than 80% of total worldwide agricultural consumption. Thus, research to date has estimated crop irrigation water requirement (IWR c ) based mainly on models such as CROPWAT, AquaCrop, and PolyCrop [30] [31] [32] [33] [34] . These approaches, however, are unable to evaluate spatiotemporal patterns in IWR c at high spatial resolution and thus cannot be used to determine differences over time and space and due to crop types. This lack of spatiotemporal data on IWR c for different crop types has hampered the scientific research that underlies comprehensive water management.
Compared with developed countries, water shortages in developing regions globally are more acute and less well-studied, especially in arid and semi-arid regions. China is one of the largest developing countries and one of the most arid; 20% of the global population live in this country yet it boasts between just 5% and 7% of global freshwater resources. The available water per capita in China is just a quarter of the global mean [35, 36] . Arid and semi-arid regions in Northwest China make up 30% of the national land area, but have less than 20% of total national available water resources because rainfall is low and evapotranspiration is high; thus, water shortages in this region are of particular concern [1, 9] . This issue is even more critical because much of the irrigated cultivated land in China is also distributed in these arid and semi-arid areas; natural rainfall cannot meet the water requirements of crops in this region and so supplementary irrigation is essential to increase yields and to guarantee food security in these areas [15, 37, 38] . Agricultural irrigation water nationally accounts for 60% of total water use, but more than 80% of total consumption in the arid and semi-arid areas of Northwest China [2, 25] . Thus, accurate IWR c calculations are crucial to the regional social-economic and ecological sustainable development of these areas where water is scarce [37, 39] .
The rapid expansion of agricultural oases combined with population growth and urbanization have further exacerbated the imbalance between urban and agricultural water use in China [28] . Thus, to meet escalating water demands for crop irrigation, agricultural producers have utilized increasing volumes of runoff and groundwater which leads to ecosystem degradation including the seasonal cutoff of rivers, groundwater overdraft, and decreasing ecological land area [1, 40, 41] . To mitigate these issues, the Chinese government has implemented a range of water management measures concerning water yield, water rights, and water prices and has also promoted the application of new technologies including drip and sprinkler irrigation [28, 42, 43] . However, managers and producers are still unable to effectively allocate irrigation water according to actual demand because of the absence of high-precision, fine-scale spatiotemporal IWR c data. This situation has led to inefficient water use including irrigation waste and deficits [28] . It is therefore critically important to provide comprehensive data on water usage as it relates to the spatiotemporal distribution of crops, climate, and evapotranspiration in order to precisely estimate IWR c . Such data will support decision making, enable the formulation of efficient irrigation schemes, and allow the implementation of comprehensive water management measures to alleviate the negative economic and ecological effects caused by shortages.
Water shortages are restricting the sustainable development of society, the economy, and ecosystems within the Heihe River Basin (HRB), a continental system that encompasses both arid and semi-arid regions of China. The rapid expansion of agricultural oases in recent decades, as well as expansion and changes to crop planting structures, have led to rapidly increasing demands for agricultural water in the HRB [44] [45] [46] . At the same time, however, the water supply of this region has not kept pace with demand, even though it has increased slowly and intermittently as climate has become warmer and wetter. Rapid population growth and urbanization has further exacerbated the water supply and demand imbalance between agriculture, cities, and ecology and has led to negative effects, including ecological degradation. Understanding changes in spatiotemporal IWR c patterns because of changes in crop planting structures is therefore critical to the comprehensive management of water resources. Thus, using the HRB as our study area, we extracted spatiotemporal distributional information on crop planting structures using multi-temporal Thematic Mapper and Enhanced Thematic Mapper Plus (TM/ETM+) remote sensing (RS) images and calculated spatiotemporal IWR c using the Food and Agriculture Organization of the United Nations (FAO) Penman-Monteith formula. The objectives of this study are: (1) To reveal the spatiotemporal characteristics of variation in effective rainfall (ER), crop evapotranspiration, and IWR c between 2007 and 2012 in the HRB; (2) To analyze the influences of crop planting structure changes on IWR c ; (3) To understand the reasons underlying spatiotemporal variation in IWR c ; and (4) To discuss the implementation of policies that could contribute to alleviating the imbalance between agricultural water supply and demand.
Research Area and Data Sources

Research Area
The HRB is the second largest continental river basin within the arid and semi-arid areas of Northwest China, located in the center of the "One Belt And One Road" and "Silk Roads" economic belts (97 • 30 E-101 • 43 E, 37 • 55 N-40 • 00 N) (Figure 1 ). The HRB borders the Qinghai-Tibet Plateau in the southwest, the Shule River Basin in the west, the Shiyang River Basin in the east, and Mongolia in the north. The entire basin encompasses an area of 12.80 × 10 6 ha and consists of 11 administrative counties. The upper, middle, and lower reaches of the HRB are demarcated by the Yingluo and Zhengyi gorges; the upper reaches of this system mainly comprise the Qilian Mountain (Qilian and Sunan counties) water conservation area, while the middle reaches encompass agricultural oases in the center of the Hexi Corridor (i.e., Shandan, Minle, Ganzhou, Linze, Gaotai, Suzhou, and Jiayuguan counties), and the lower reaches extend into the Gobi Desert (Jinta and Egina counties). The HRB is located in the central part of the Eurasian plate, and is characterized by a temperate continental climate. This region is typically dry and water is scarce; the small amount of rainfall seen within the HRB tends to have a non-uniform spatiotemporal distribution. Mean annual rainfall in the upper, middle, and lower reaches of the HRB decreases gradually, from 250-500 mm, 100-250 mm, and less than 50 mm, respectively; 70% of the rainfall are concentrated in June, July, and August, with an annual potential evapotranspiration of 2400-3000 mm. Water resources are the most important factor for ecosystem maintenance and the social and economic development of the HRB. The mean annual available amount of water within this basin is 28.0 × 10 8 m 3 , of which surface water comprises 24.7 × 10 8 m 3 and groundwater comprises 3.3 × 10 8 m 3 . In addition, the HRB is one of the ten largest commodity grain bases nationally; the main crops grown between March and September in this region include corn, wheat, barley, and oilseed rape. Agriculture is also the sector that consumes the most water in the HRB; irrigation water alone accounts for more than 85% of total water consumption in the basin. However, because of the lack of rainfall and runoff water, groundwater is used excessively in this area for irrigation. Because of the expansion of cultivated land area, rapid population growth, and urbanization in recent years, competition for water in the HRB among different sectors has become more-and-more intense, while the use of flood irrigation-oriented methods also waste a substantial volume, reducing agricultural water use efficiency to between 20% and 30%. In the face of these issues, a number of aspects of current water management within the HRB are unreasonable; the irrigation quota, for example, is far higher than the actual IWR c . It is therefore critical to develop management strategies for the use of agricultural water according to the spatiotemporal water requirements of crops in order to avoid water waste, yield losses, and environmental degradation.
Data Sources
We utilized TM/ETM+ RS images at a spatial resolution of 30 m and a temporal resolution of 16 d in this study to extract crop planting structures for 2007 and 2012 in the HRB. The images we selected were then subjected to a series of systematic radiometric, geometric, and atmospheric corrections, as well as radiometric calibration and de-striping to obtain a mosaic of HRB images that included seven time phases for 2007 and ten time phases for 2012. The numbers of useable mosaic images differed between the two years because of cloud cover; for both years, the number of effective mosaic images was far less than the total number of time phases.
We used ground monitoring data collected at 20 meteorological sites in the HRB and adjacent areas to calculate reference crop evapotranspiration (including under standard conditions), ER, and IWR c . Meteorological data included mean monthly rainfall, temperature, maximum and minimum temperature, relative humidity, wind speed, and pressure for 2007 and 2012.
We then utilized the Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER GDEM) Version 2 elevation data with a spatial resolution of 30 m and an elevation resolution of 7 m to calculate net surface crop radiation [47] . Besides, phenological data from corn, wheat, barley, and oilseed rape were used to determine crop planting structures and coefficients at different growing stages.
Methods
Mapping Crop Planting Structure
The Multi-Temporal Normalized Difference Vegetation-Water Index (NDVWI)
We identified crop types in this study using the multi-temporal NDVWI, a new spectrum index that we developed based on the Normalized Difference Vegetation Index (NDVI) and the Normalized Difference Water Index (NDWI) [45] . Because the NDVI can effectively, empirically, and simply characterize vegetation growth status, it is one of the most widely used indexes in vegetation classification [48] . At the same time, the NDWI is sensitive to moisture in the vegetation canopy and is therefore also helpful for classification [49] . Our index, the NDVWI, combines the merits of both the NDVI and the NDWI and can achieve higher crop classification accuracy than either, especially in arid and semi-arid regions. Values for the NDVWI range between −2 and 2 and are dimensionless. The formula used to calculate this index is as follows:
In this expression, ρ(red), ρ(nir), and ρ(swir) denote the surface reflectance of red, near-infrared, and short-wave infrared bands, the third, fourth, and fifth bands in TM/ETM+ images, respectively.
Decision Tree Algorithm
A decision tree algorithm is a top-down classification approach which is used to organize complex data sets step-by-step by effectively combining their characteristics with professional knowledge [45, 50] . A decision tree comprises root, internal, and leaf nodes; of these, parent nodes (i.e., root or internal nodes) are further classified as child nodes (i.e., internal or leaf nodes) based on classification rules. Thus, applying the multi-temporal NDVWI as well as variations and differences in crop phenological information over time, we developed a series of classification rules for different crops by sample training in this study. Use of a classification decision tree enabled us to extract HRB crop planting structures for 2007 and 2012.
The Thin Plate Spline (TPS) Method
We applied a TPS method using the software ANUSPLIN to interpolate meteorological data. This method enables the spatial interpolation of multivariate data via comprehensive statistical analysis, data diagnosis, and the use of spatial distribution standard errors to allow the introduction of related covariates and increase interpolation precision [51] .
Effective Rainfall (ER)
For agricultural production, ER refers to that portion of rainfall that can effectively be used by crops. This concept is important; not all rainfall is useful for agriculture as a component is always lost through runoff and infiltration. Thus, applying the method developed by the United States Department of Agriculture and Soil Conservation Service (USDA-SCS) [ 
In this expression, ER month and AR month refer to the effective and actual rainfall in each month, respectively.
Reference Crop Evapotranspiration (ET o )
This measure, ET o , refers to the evapotranspiration that would be recorded if the whole surface of the Earth were covered with hypothetical crops all growing actively with a sufficient water supply [53, 54] . In 1990, the FAO convened a large group of experts and researchers to collaborate with the International Commission for Irrigation and Drainage and the World Meteorological Organization to jointly improve the IWR c , calculation methodology. This process resulted in the development of the FAO Penman-Monteith method for the calculation of ET o [33, 54] . This approach overcomes the numerous shortcomings of earlier methods; ET o values calculated using the FAO Penman-Monteith method are more consistent with global actual crop water consumption data. We computed the FAO Penman-Monteith method as follows: 
In these expressions, ET o denotes reference crop evapotranspiration (mm/d), R n is crop surface net radiation (MJ·m −2 ·d −1 ), G is soil heat flux (MJ·m −2 ·d −1 ), ∆ is the slope of the saturated water vapor pressure curve (kPa/ • C), γ is the psychrometric constant (kPa/ • C), u 2 is wind speed at a height of 2 m (m/s), T mean , T max , and T min refer to mean temperature, mean maximum temperature, and mean minimum temperature, respectively ( • C), e s denotes the saturated water vapor pressure (kPa), e a is the actual water vapor pressure (kPa), e(T mean ), e(T max ), and e(T min ) are water vapor pressures at temperatures of T mean , T max , and T min , respectively, RH is relative humidity (%), P is atmospheric pressure (kPa), and z is the elevation from the surface of the Earth when measuring wind speed.
Crop Evapotranspiration under Standard Conditions (ET c )
In this context, ET c is defined as crop evapotranspiration when a particular plant is growing actively with sufficient water supply under standard conditions. Similarly, the crop coefficient (K c ) distinguishes a specific crop from the reference [33, 55] . We calculated ET c (mm) for the major crops grown in the HRB for the period between March and September as follows:
However, because K c varies with plant growth period, we corrected and determined this value for different crop stages using a survey based on FAO Irrigation and Drainage Paper No. 56 [54] and crop phenological information (Table 1) . Oilseed rape and corn are autumn crops, so their growth stages are longer than those of summer crops such as barley and wheat; the growth phase of oilseed rape is between April and August, while that of corn is between April and September, those of barley and wheat are between March and July, and those of other crops are between April and August. 
Crop Irrigation Water Requirement (IWR c )
In this context, IWR c is the volume of water required to replenish losses due to evapotranspiration. This value is the difference between ER and ET c [54] , calculated as follows:
Results
Spatiotemporal ER Changes
Results show that between 2007 and 2012, ER values in the HRB were non-uniform in their spatiotemporal distribution (Figure 2) . Specifically, annual ER values gradually fell along an upstream-to-downstream transect; in the upper reaches of the HRB, annual ER was higher than 250 mm, while values were between 100 mm and 200 mm in the middle reaches, falling to below 100 mm in the lower reaches. Data show that the annual mean ER of the HRB decreased from 139.49 mm in 2007 to 106.29 mm in 2012 (Figure 2a,b) . Thus, given the same evapotranspiration, decreasing ER means that the IWR c in 2012 was greater than that of the same crop in 2007. Monthly ER also significantly differed within the same year, exhibiting a tendency to initially increase before decreasing (Figure 2c,d) . 
Spatiotemporal Changes in Crop Evapotranspiration
Spatiotemporal Changes in ET o
Data show that annual ET o values for the HRB tend to increase along an upstream-to-downstream transect. Thus, in water conservation areas in the upper reaches, values were as low as 750 mm, increasing to between 750 and 1250 mm in agricultural oases regions in the middle reaches, and were higher, between 1250 and 2500 mm, in the lower reaches. Annual ET o exceeded 1750 mm in the northeastern ecological conservation area in the lower reaches of the HRB (Figure 3a 
Spatiotemporal Changes in ET c
Results show that annual ET c values within the HRB exhibit similar spatial variation to annual ET o ; increasing along an upstream-to-downstream transect (Figure 4a,b) . As a small proportion of cultivated land within the upper reaches of the HRB is located in the river valley, annual ET c was as low as 375 mm in this area. In contrast, 85% of cultivated land is within oases in the middle reaches where annual ET c values fall between 375 and 625 mm. In the lower reaches, the annual ET c of cultivated land in the Gobi Desert was between 625 and 1125 mm, while values for this land use type in the northeast exceeded 1000 mm. Results show that mean ET c was 483.87 mm in 2007 and that it increased to 500.38 mm in 2012; during crop growth phases, mean, maximum, and minimum ET c values for May, June, and July (middle growth stage) were relatively elevated, while those for early and late growth stages were relatively lower (Figure 4c,d) 
Spatiotemporal Changes in IWR c
Results show that annual IWR c values within the HRB tend to increase along an upstream-to-downstream transect (Figure 5a 
The Influence of Changes in Crop Planting Structure on IWR c
Corn is planted over the largest area within the HRB, followed by wheat, oilseed rape, and barley (Figure 6a,b) . The most crop is planted mainly in Ganzhou, Linze, Gaotai, Suzhou, and Jinta counties, while oilseed rape, barley, and wheat are mainly planted in Minle and Shandan counties. Corn cultivation extends from northwestern high-latitude regions to southeastern high-elevations and planting is usually concentrated. In contrast, oilseed rape, barley, and wheat tend to be planted in a more scattered fashion within the HRB. Nevertheless, between 2007 and 2012, areas planted with oilseed rape and corn increased by 3.65 × 10 3 and 31.31 × 10 3 ha, respectively ( (Table 4 ). The area of corn transferred from other crop types was the largest, up to 72.58 × 10 3 ha, accounting for 29.22 × 10 6 m 3 (8.80%) of the total IWR c increment. The areas of other crops transferred from oilseed rape, corn, barley, and wheat were also relatively large, 8.16 × 10 3 , 46.25 × 10 3 , 11.27 × 10 3 , and 26.41 × 10 3 ha, respectively; these equate to contributions of 13.91 × 10 6 m 3 (4.19%), 13.65 × 10 6 m 3 (4.11%), 16 .86 × 10 6 m 3 (5.08%), and 25.71 × 10 6 m 3 (7.74%) of the total IWR c increment, respectively. In contrast, transfer of other crops to oilseed rape, barley, and wheat were largely negative in their contributions, decreasing the total IWR c increment within the HRB by 14.97 × 10 6 m 3 (4.51%), 8.25 × 10 6 m 3 (2.48%), and 10.07 × 10 6 m 3 (3.03%), respectively. The remaining change in total IWR c , 76.89% (255.39 × 10 6 m 3 ), was the direct result of the cultivated land expansion (i.e., the transfer of other land use types to agriculture). 
Discussion
Reasons for IWR c Changes
Our results show that changes in crop planting structure are the main explanation for increasing IWR c values within the HRB; specifically, the expansion of cultivated land has made the largest contribution to this increase. This result is important because in order to generate additional economic benefits, farmers often choose to either reclaim cultivated land or adjust the types of crops grown on existing land [45] . Our results show that a rapid expansion in cultivated land leads directly to increased crop irrigation requirements. The dominant crop in the HRB is seed corn, an agricultural product with higher economic benefits than oilseed rape, barley, or wheat. This crop, however, also consumes far more water than others; thus, increasing the planted area of corn (high water consumption) while decreasing the planted areas of barley and wheat (low water consumption) will only serve to further increase the IWR c in the HRB.
Variation in IWR c of the same crop over time due of climate change is another factor that underlies the overall increase in these values within the HRB. Climatic factors, such as monthly mean temperature, relative humidity, wind speed, and atmospheric pressure all directly influence ET o and indirectly IWR c [54] . The data presented in this study show that temporal changes in monthly mean temperature and atmospheric pressure were more regular in the HRB than the other two factors in both 2007 and 2012 (Figure 7 ). Temperature exerts a positive controlling influence on ET o ; both ET o loss and IWR c are enhanced in warm compared to cold weather (Figure 7a) . Besides, both relative humidity and wind speed influence vapor removal; water vapor is stored in humid air, while wind promotes the transport of water allowing more water vapour to be taken up (Figure 7b,c) . Although tending to fluctuate in the same place very little over time, atmospheric pressure nevertheless determines the psychrometric constant, which is negatively correlated with both ET o and IWR c (Figure 7d) . Thus, as a result of the joint impacts of crop planting structure and climate changes, IWR c values per unit area of oilseed rape, corn, barley, and other crops all increased between 2007 and 2012, and caused a concomitant overall increase across the whole HRB. 
Policy Implications
Agriculture is the sector that consumes the most water in the HRB. Thus, the management of agricultural water based on sequential variation and spatial differences in IWR c , as well as differences due to crop types, will directly determine sustainable development of both the social economy and ecological system. Data show that IWR c values for the same crop vary depending on growth stage; in other words, crop water requirements are highest during the middle growth stage but are lower during early and late stages. According to our field survey results, most farmers currently do not take sequential variation in IWR c into account when irrigating their crops. This means that both irrigation time and water supply do not correspond with the actual water requirements of crops and result in the inefficient use of irrigation water. Thus, in order to efficiently allocate and utilize available agricultural water, it will be necessary to adjust both irrigation times and volumes based on sequential variations in IWR c .
The results of this study show that IWR c values gradually increased between 2007 and 2012 along an upstream-to-downstream transect; this means that, especially in arid areas where water is extremely scarce, IWR c values exceeded 1000 mm. We therefore recommend that agricultural production in the lower reaches of the HRB should at least be reduced to preserve water and enhance ecological conservation. Unfortunately, however, the area of cultivated land in the lower reaches of the HRB expanded unreasonably between 2007 and 2012. It is therefore critical to establish a more effective mechanism of ecological compensation [56, 57] that enables farmers to abandon crop cultivation in the lower reaches of the HRB.
Our results show that over the time period of this study and driven by economic interests, cultivated areas of autumn crops (e.g., oilseed rape and corn) increased, while those of summer crops (e.g., barley and wheat) decreased; these changes led to a decrease in IWR c during May and June within the HRB and a concomitant increase in July. As the volumes of rainfall and runoff water within the HRB are largest and concentrated in June, July, and August, such a change to crop planting structures would help to ease the imbalance between water supply and demand. At the same time, however, results show that IWR c values for corn were significantly higher than those for the other major crops; thus, a rapid expansion in the area of cultivated corn would only serve to intensify the water supply imbalance [44] . We argue that a continuous increase in the area of cultivated corn is not feasible; rather, it is crucial to minimize the cultivation of water-intensive crops and the expansion of cultivated land, emphasizing instead the husbandry of plants that require less water [45, 58, 59 ].
The Merits and Drawbacks of this Study
Compared with previous research on IWR c [31] [32] [33] , we not only calculated this value for a variety of crops in this study, but also evaluated the month-by-month spatiotemporal distribution of these values. Thus, the spatiotemporal IWR c patterns obtained in this research, (based on crop planting structures and at a spatial resolution of 30 m) are likely to aid both managers and producers to reasonably and efficiently allocate and use agricultural water in temporal and spatial sequences that coincide with differences between crop types.
However, as this study classified all crops other than oilseed rape, corn, barley, and wheat as 'other crops', it was not possible to obtain accurate growing stage and crop coefficients. We therefore estimated IWR c values for other crops based on the growing stages and mean K c values of the main crops. This is a drawback of our study as this grouping will have involved some plants with relatively low water consumption as well as fallow cultivated land; this means that our processing method, use of mean K c values, may have consequently overestimated the duration of each growing stage and K c values for other crops. This would therefore have resulted in overestimates of IWR c for 2007 and 2012 as well as for the whole HRB. It is also clear that, in addition to changes in crop planting structures, crop IWR c per unit area will also vary with time; these two factors will both affect spatiotemporal IWR c patterns. We did not exclude the influence of variation in crop IWR c per unit area in this study when analyzing the influences of crop planting structure changes, a feature of this research that will require further attention. Finally, this research is also limited by the time period we considered, just between 2007 and 2012. Our aim in future studies is to estimate the IWR c of the HRB over a longer time period. Furthermore, predicting future IWR c changes associated with crop conversion potentials [45] will also be critical for the integrated water resource management of river basins, especially in arid and semi-arid areas.
Conclusions
Water resources are intimately related to regional sustainable development and ecological security. Water wastage and inefficient use in regions subject to shortages results in serious negative economic, social, and ecological impacts. Typical for an inland river basin in an arid or semi-arid area, water consumption for crop irrigation in the HRB accounts for more than 80% of total regional consumption. It is therefore critical to understand the differences and variation in IWR c temporally, spatially, and in terms of different crop types. We used the spatiotemporal distribution of crop planting structures to estimate spatiotemporal IWR c values for 2007 and 2012 in the HRB. To do this, we used the FAO Penman-Monteith method, revealed the characteristics of spatiotemporal variation in IWR c , and analyzed the resultant impacts of crop planting structure changes.
The results of this study show that the IWR c within the HRB varied between zero and 1250 mm and that the amplitude of variation increased along an upstream-to-downstream transect. Values for IWR c in the lower reaches of the HRB were as high as 1000 mm, which suggests that agricultural production in this region should be minimized in order to save water for ecological conservation. Data show that the annual mean IWR c of the HRB increased from 339.95 mm in 2007 to 370.11 mm in 2012; at the same time, monthly mean IWR c initially increased before gradually decreasing with the highest values each year seen in June. Between 2007 and 2012, IWR c values in May and June decreased by 8.14 and 11.67 mm, respectively, while those for July increased by 5.75 mm. As the ER in May and June is less than that in July, this change in IWR c might be useful to help alleviate the imbalance between water supply and demand for irrigation. In terms of crop types, IWR c values for corn were significantly higher than those for oilseed rape, barley, and wheat; nevertheless, mean IWR c values of oilseed rape, corn, barley, and other crops increased, respectively, from 208. 43 Therefore, in order to efficiently manage and utilize agricultural water, we argue that it is necessary to adjust both irrigation times and amounts in different areas depending on the differences and characteristics of IWR c variation temporally, spatially, and by crop types.
To increase their economic benefits, farmers have tended to adjust planting structures to favor more profitable crops that also need more water (e.g., corn) or reclaim more cropland. Our data show that planting structure changes took place within the HRB between 2007 and 2012 to increase areas of corn and oilseed rape, while simultaneously decreasing areas of planted barley and wheat and expanding the cultivated land area. These changes resulted in an IWR c increase from 2360.42 × 10 6 m 3 in 2007 to 2692.58 × 10 6 m 3 in 2012, corresponding to an increase by 332.16 × 10 6 m 3 (14.07%). Data show that 23.11% (76.77 × 10 6 m 3 ) of this change can be explained by crop type transfers, and that the remaining 76.89% (255.39 × 10 6 m 3 ) was caused by the rapid expansion of cultivated land. Although farmers obtained economic benefits in the short term, this approach was not conducive to maintaining the sustainable development and ecological security of the HRB. We recommend that, in future, the cultivation of water-demanding crops and the expansion of cultivated land should be kept to a minimum.
The analysis of spatiotemporal changes in IWR c presented in this paper will enable both managers and producers to develop more efficient irrigation strategies that those presently available in the absence of these data. Future research is nevertheless essential for the integrated management of water resources in river basins. Studies should include estimating large scale spatial (e.g., at the national or global scale) IWR c over longer time periods, predicting future IWR c changes associated with crop conversion potential, and the multi-objective optimization of water resources between agriculture and other sectors in light of different scenarios for development. All of these directions are essential if we are to guarantee regional and global sustainability.
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